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This  paper  presents  a  flameless  catalytic  combustion-based  thermoelectric  power  generator  that  uses 
commercial  thermoelectric  modules.  The  structure  of  the  thermoelectric  generator  (TEG)  is  introduced 
and  the  power  performance  is  measured  based  on  a  designed  circuit  system.  The  open  circuit  voltage 
of  the  TEG  is  about  7.3  V.  The  maximum  power  output  can  reach  up  to  6.5  W  when  the  load  resistance 
matches  the  TEG  internal  resistance.  However,  the  system  output  is  sensitive  to  load  variation.  To 
improve  this  characteristic,  maximum  power  point  tracking  technique  is  used  and  results  in  an  open  cir¬ 
cuit  voltage  of  13.8  V.  The  improved  characteristic  makes  the  TEG  system  a  good  charger  to  keep  the  lead 
acid  battery  fully  charged  so  as  to  meet  the  needs  of  electronic  instruments  on  gas  pipelines.  In  addition, 
the  combustion  features  have  been  investigated  based  on  the  temperature  measurement.  Test  results 
show  that  the  uniformity  of  combustion  heat  transfer  process  and  the  combustion  chamber  structure 
play  important  roles  in  improving  system  power  output.  It  can  get  an  optimized  TEG  system  (maximum 
power  output:  8.3  W)  by  uniformly  filling  a  thermal  insulation  material  (asbestos)  to  avoid  a  non-uni- 
form  combustion  heat  transfer  process. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Thermoelectric  generator  (TEG)  has  no  moving  parts,  and  is 
compact,  quiet,  highly  reliable,  and  environmentally  friendly. 
However,  applications  of  thermoelectric  (TE)  power  generation 
have  been  limited  because  of  relatively  low  heat-to-electricity  con¬ 
version  efficiency. 

Since  waste  heat  is  a  low-cost  and  even  no-cost  resource,  the 
low  efficiency  of  TE  devices  may  not  be  the  most  important  issue 
in  the  case.  It  has  been  shown  that  the  TE  power  generation  applied 
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to  low-temperature  waste  heat  recovery  has  promising  potential 
[1-6]. 

Meanwhile,  for  some  applications,  it  is  necessary  to  adopt  a 
high-temperature  heat  source  to  improve  system  performance. 
Fuel  burning  seems  a  good  way  to  achieve  this  target  and  has  been 
utilized  in  many  applications.  Qiu  and  Hayden  [7]  presented  a 
combustion-driven  thermoelectric  power  generation  system  that 
uses  PbSnTe-based  thermoelectric  modules  which  were  integrated 
into  a  gas-fired  furnace  with  a  special  burner  design.  The  thermo¬ 
electric  integrated  system  could  be  applied  for  self-powered  appli¬ 
ances  or  micro-cogeneration.  Champier  et  al.  [8]  investigated  the 
feasibility  of  adding  commercial  TE  modules  (Bismuth  Telluride) 
to  the  biomass  cook  stove  prototype  to  search  the  best  position 
of  the  modules.  A  TE  power  generator  experimental  set  up  was  pre¬ 
sented  showing  that  a  6  W  ready  to  use  electrical  production  is 
possible  with  the  biomass  cook  stove.  Jiang  et  al.  [9]  developed  a 
centimeter  magnitude  TE  power  generation  system  based  on  a 


1162 


H.  Xiao  et  al/ Applied  Energy  112  (2013)  1161-1165 


plat-flame  micro  combustor  burning  DME  (dimethyl  ether).  The 
maximum  power  output  was  above  2  W,  and  the  maximum  overall 
chemical-electric  energy  conversion  efficiency  was  1.25%. 

It  seems  that  combustion  is  an  effective  method,  in  a  wide  range 
of  temperature,  to  produce  thermal  energy  which  to  be  used  by 
thermoelectric  generator.  However,  the  system  efficiency  is  still 
so  low  that  the  more  electricity  the  TEG  generates,  the  more  heat 
it  losses. 

Nowadays,  some  researchers  proposed  an  idea  that  integration 
of  TEG  with  conventional  thermal  equipment,  thus,  to  improve  the 
overall  system  efficiency.  Chen  et  al.  [10]  presented  an  analysis  of 
system  efficiency  related  to  the  integration  of  TEG  into  thermal  en¬ 
ergy  systems,  especially  Combined  Heat  and  Power  production 
(CHP).  The  overall  conversion  efficiency  improvements  and  eco¬ 
nomic  benefits,  together  with  the  environmental  impact  of  this 
deployment,  were  estimated.  Moreover,  Qiu  and  Hayden  [11] 
developed  the  concept  of  cascading  TPV  and  TE  power  generation 
where  the  used  heat  stream  is  taken  from  the  TPV  and  applied  to 
the  input  of  a  TE  converter.  Experimental  results  show  that  the  cas¬ 
cading  power  generation  is  feasible  in  fuel-fired  heating  furnaces 
and  could  be  applied  to  micro-CHP. 

This  paper  will  discuss  a  power  solution  for  electronic  instru¬ 
ments  on  gas  pipelines.  These  electronic  devices,  used  only  for 
pipeline  cathodic  protection,  monitoring  and  communication,  have 
a  very  small  demand  for  electricity.  It  is  unstable  and  uneconomic 
to  offer  a  power  grid  for  these  remote  devices.  As  mentioned  above, 
thermoelectric  generator  is  very  suitable  to  be  installed  in  the  field 
to  power  electronic  instruments  on  gas  pipelines,  just  by  burning  a 
very  small  amount  of  natural  gas  for  heat.  In  particular,  the  photo¬ 
voltaic  system  provides  electrical  power  during  sunshine,  while 
the  TE  system  provides  power  as  long  as  the  heating  device  is  in 
use. 

However,  fossil  fuel  combustion  causes  air  pollution  and  green¬ 
house  gas  emissions.  In  order  to  alleviate  this  problem,  flameless 
catalytic  combustion  technology  of  natural  gas  is  employed  in  this 
study.  On  the  one  hand,  natural  gas  is  a  relatively  clean  fuel.  On  the 
other  hand,  flameless  catalytic  combustion  can  lower  the  combus¬ 
tion  temperature  so  as  to  reduce  the  generation  of  nitrogen  oxides. 
Badra  and  Masri  [12]  recently  studied  catalytic  combustion  of  se¬ 
lected  hydrocarbon  fuels  on  platinum.  And  many  application 
examples  were  carried  out  [13],  especially  employing  methane 
[14],  alcohols  [15]  as  fuels. 

For  the  integration  of  TEG  with  flameless  catalytic  combustion, 
Wang  et  al.  [16]  designed  and  simulated  a  micro-thermoelectric- 
generator  based  on  catalytic  combustion  of  hydrogen  and  oxygen. 
The  effect  of  inlet  parameters  on  the  highest  temperature  differ¬ 
ence  between  the  hot  and  cold  plate  of  the  generator  was  studied. 
Federici  et  al.  [17]  studied  integrated  catalytic  micro-combustors 
with  thermoelectric  devices  for  the  production  of  electrical  power. 
The  devices  were  found  to  be  robust,  easy  to  start  up,  and  able  to 
support  complete  combustion  over  a  range  of  fuels  at  different 
flow-rates.  Yoshida  et  al.  [18]  developed  a  miniature  TEG  with  a 
catalytic  combustor  for  applications  where  exhaust  heat  is  useful. 
The  characteristics  of  TE  generation  were  measured  using  hydro¬ 
gen  as  fuel.  When  a  theoretical  combustion  power  was  6.6  W, 
the  maximum  output  power  of  184  mW  was  obtained. 

However,  the  power  capacity  of  such  TE  devices  is  so  small  that 
it  cannot  be  used  as  an  on-site  power  supply  to  meet  the  needs  of 
electronic  instruments  on  gas  pipelines.  In  such  an  application 
where  a  lead  acid  battery  is  used  to  provide  high  peak  power  for 
short  burst  requirements  (such  as  for  wireless  communications 
at  remote  monitoring  sites),  a  thermoelectric  generator  which 
can  produce  a  12  or  24  V  power  source  to  keep  the  battery  fully 
charged  is  needed. 

This  paper  presents  a  flameless  catalytic  combustion-based  TEG 
that  uses  commercial  TE  modules  and  with  a  bigger  combustion 


chamber  size  to  enhance  the  system  power  output  so  as  to  meet 
the  needs  of  electronic  instruments  on  gas  pipelines.  The  structure 
of  the  TEG  is  introduced  and  the  power  performance  is  measured 
based  on  a  designed  circuit  system.  The  combustion  aspects  are 
also  investigated.  Several  different  characteristics  from  conven¬ 
tional  combustion  heat  utilization  of  flameless  catalytic  combus¬ 
tion  are  discussed. 


2.  Experimental  setup 

Fig.  1  is  the  schematic  diagram  of  the  flameless  catalytic  com¬ 
bustion-based  TEG  (top  view).  In  this  study,  a  rectangular  combus¬ 
tion  chamber  is  set  as  the  heat  source  of  the  TEG.  In  order  to 
establish  an  appropriate  temperature  difference,  this  chamber  is 
surrounded  by  three  large  heat  sinks  on  which  the  cold  sides  of 
the  TE  modules  are  fixed.  The  front  side  of  the  chamber,  i.e.  the  in¬ 
let  of  natural  gas,  is  not  covered  by  TE  modules  and  heat  sink. 

To  fix  the  TE  modules  tightly  on  the  base  surface  of  the  heat 
sink,  a  thermal  plate  is  attached  to  the  hot  sides  of  the  modules 
on  each  heat  sink.  Thus,  the  TE  modules  are  sandwiched  between 
the  heat  sink  and  thermal  plate  by  bolts.  Moreover,  the  utilization 
of  thermal  plates  could  protect  the  TE  modules  from  high  temper¬ 
ature  corrosion  and  make  the  heat  transfer  process  across  the  mod¬ 
ules  uniform.  It  should  be  noted  that,  to  prevent  the  modules  from 
high  temperatures  damage  and  make  the  cold  sides  of  these  mod¬ 
ules  to  be  well  cooled,  the  TE  modules  are  not  placed  in  the  com¬ 
bustion  chamber.  The  TE  modules  just  take  advantage  of  the 
natural  gas  combustion  heat  out  of  the  combustion  chamber  (indi¬ 
rect  use  of  the  combustion  heat).  This  is  totally  different  from  con¬ 
ventional  combustion  heat  utilization  of  flameless  catalytic 
combustion,  where  the  heat  transfer  equipment  is  directly  ar¬ 
ranged  in  the  combustion  chamber. 

Since  the  hot  side  temperature  of  the  modules  is  calculated  to 
be  lower  than  200  °C,  the  thermoelectric  module  for  cooling,  which 
is  cheap  and  can  achieve  its  highest  efficiency  at  room  tempera¬ 
ture,  is  selected  in  this  study.  Four  commercial  TE  cooling  modules 
(Model:  TEC1-12708,  Dimension:  40  mm  x  40  mm  x  3.5  mm)  are 
configured  on  each  heat  sink.  These  four  modules  are  connected 
electrically  in  series.  Both  surfaces  of  each  TE  module  are  coated 
with  thermal  grease  to  enhance  heat  conduction.  Fig.  2  shows 
the  internal  structure  of  the  TEG  without  the  combustion  chamber. 


1-Heat  sink  2-Thermoelectric  module  3-Thermal  plate  4-Asbestos  layer 
5-Porous  metal  plate  (catalytic  reaction  layer)  6-Combustion  chamber 
7-Nozzle  8-Natural  gas  tube 

Fig.  1.  Schematic  diagram  of  the  flameless  combustion-based  TEG  (top  view). 
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Fig.  2.  Internal  structure  of  the  TEG. 


The  combustion  chamber  wall  is  made  by  a  porous  metal  plate 
coated  with  alumina-supported  0.2  wt.%  platinum  catalyst,  where 
the  catalytic  combustion  of  natural  gas  occurs.  A  thick  layer  of 
asbestos  is  adopted  to  surround  the  flameless  catalytic  combustion 
chamber,  in  order  to  ensure  even  and  stable  combustion  and  to  re¬ 
duce  heat  loss.  Fig.  3  shows  the  internal  structure  of  the  combus¬ 
tion  chamber  with  asbestos  layer. 

In  this  investigation,  two  thermocouples  are  embedded  into  the 
left-  and  right-side  thermal  plates  (as  shown  in  Figs.  1  and  2) 
respectively  for  temperature  measurement.  As  mentioned  above, 
there  are  three  groups  of  TE  modules  that  are  configured  on  the 
left,  right  and  back  heat  sinks,  respectively.  These  three  groups  of 
modules  are  connected  electrically  in  parallel  (each  group  consists 
of  four  modules  which  are  connected  electrically  in  series),  and 
then  connected  to  a  variable  resistor  as  a  load  to  form  a  power  cir¬ 
cuit.  Consequently,  the  power  performance  of  the  TEG  can  be  mea¬ 
sured  based  on  this  circuit  system. 

3.  Results  and  discussion 

3.1.  Power  output  and  conditioning 

The  start-up  of  this  system  is  simple,  just  heating  the  catalyst  by 
a  back-up  battery  which  will  be  fully  charged  when  the  TEG  works. 
The  TEG  output  is  recorded  and  shown  in  Figs.  4-6  when  the  sys¬ 
tem  is  stable.  The  open  circuit  voltage  is  7.32  V.  As  shown  in  Fig.  6, 


Fig.  3.  Internal  structure  of  the  combustion  chamber. 


Fig.  4.  Load  voltage  versus  load  resistance  for  direct  and  IC  output. 


123456789  10 

Load  resistance/a 

Fig.  5.  Current  versus  load  resistance  for  direct  and  IC  output. 


the  maximum  power  output  (about  6.5  W)  is  generated  when  the 
load  resistance  matches  the  TEG  internal  resistance.  The  fuel 


1164 


H.  Xiao  et  al/ Applied  Energy  112  (2013)  1161-1165 


0  30  60  90  120  150  180  210  240  270  300 

Time/min 

Fig.  7.  Temperatures  of  the  left  and  right  thermal  plates  versus  time. 

(natural  gas)  consumption  of  this  system  is  1  m3/day  and  the  over¬ 
all  efficiency  is  about  2%.  Considering  the  TE  modules  utilize  com¬ 
bustion  heat  indirectly  and  the  system  only  works  when  the  lead 
acid  battery  power  is  low,  this  efficiency  is  acceptable. 

As  shown  in  Figs.  4-6,  the  power  output  is  sensitive  to  load  var¬ 
iation.  This  characteristic  would  reduce  the  range  of  applications 
and  decrease  the  system  efficiency.  A  solution  to  this  problem  is 
the  utilization  of  maximum  power  point  tracking  (MPPT)  tech¬ 
nique.  The  MPPT  is  a  well-known  control  technique  which  can  en¬ 
able  the  photovoltaic  power  system  to  operate  at  its  maximum 
power  capability  under  various  sunlight  intensities.  Very  recently, 
this  control  technique  has  been  introduced  into  the  TEG  system 
[19,20].  In  this  study,  the  MPPT  controller  will  utilize  the  TEG  ter¬ 
minal  voltage  and  current  to  maximize  the  power  output. 

The  TEG  output  through  MPPT  conditioning  is  recorded  and  also 
shown  in  Figs.  4-6  for  comparison.  As  shown  in  Fig.  6,  the  system 
power  output  is  stabilized  at  around  5W.  Apparently,  the  load 
matching  ability  has  been  improved.  Introducing  MPPT  power  con¬ 
ditioner  do  has  a  potential  to  reduce  mismatch  power  loss  and  im¬ 
prove  load  matching  ability  of  TEG  systems.  Moreover,  the  open 
circuit  voltage  of  the  MPPT  IC  reaches  13.8  V,  which  is  suitable  to 
keep  the  lead  acid  battery  fully  charged  so  as  to  meet  the  needs 
of  electronic  instruments  on  gas  pipelines. 

3.2.  Combustion  analysis  and  structure  optimization 

The  overall  system  efficiency  of  about  2%  is  achieved.  The  over¬ 
all  system  efficiency  refers  to  the  conversion  efficiency  from  chem¬ 
ical  energy  (natural  gas)  to  electrical  energy  (generated  by  TEG).  In 
this  calculation,  the  calorific  value  of  natural  gas  is  set  as  the 
denominator,  and  the  TEG  power  output  is  set  as  the  numerator. 

However,  for  this  low  efficiency,  there  is  still  room  for  improve¬ 
ment.  As  mentioned  above,  the  TE  modules  just  take  advantage  of 
the  natural  gas  combustion  heat  out  of  the  combustion  chamber 
(indirect  use  of  the  combustion  heat).  Although  the  TEG  efficiency 
is  low  due  to  the  limitation  of  the  thermoelectric  material,  the  indi¬ 
rect  utilization  of  the  combustion  heat  is  the  key  to  improve  the 
system  efficiency.  As  a  thermal  system,  the  power  output  of  the 
TEG  is  subject  to  the  combustion  and  heat  transfer  process.  For 
the  purpose  of  investigating  the  combustion  features  to  improve 
system  performance,  temperature  is  used  as  a  major  parameter 
to  analyze  the  combustion  characteristics. 

The  temperatures  of  the  left  and  right  thermal  plates  during  the 
test  are  recorded  and  shown  in  Fig.  7.  When  the  system  is  stable, 
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Fig.  8.  Open  circuit  voltages  versus  time  for  the  three  groups  of  TE  modules  at  the 
start-up  stage. 

the  left  thermal  plate  can  reach  up  to  160°C,  but  the  right  one 
can  only  reach  up  to  a  little  more  than  100  °C.  Flameless  catalytic 
combustion  should  be  a  combustion  mode  with  very  uniform  dis¬ 
tribution.  Since  the  chamber  structure  and  the  assembly  layout  are 
symmetrical,  the  temperature  difference  is  likely  due  to  the  non- 
uniform  filling  of  the  thermal  insulation  material  (asbestos),  which 
would  result  in  a  non-uniform  heat  transfer.  As  mentioned  above, 
the  TE  modules  are  not  placed  in  the  combustion  chamber.  The  TE 
modules  just  take  advantage  of  the  natural  gas  combustion  heat 
out  of  the  combustion  chamber.  We  should  pay  more  attention 
to  the  uniformity  of  combustion  heat  transfer  process.  It  is  a  differ¬ 
ent  characteristic  from  conventional  combustion  heat  utilization  of 
flameless  catalytic  combustion. 

It  is  noted  that  there  is  a  temperature  drop  during  testing  when 
the  circuit  which  is  connected  with  a  load  is  closed  (Fig.  7).  This  is 
because  when  the  circuit  is  closed  the  current  through  the  TEG  will 
result  in  Peltier  effect  at  both  junctions  (hot  and  cold  sides)  of  the 
TE  materials.  The  Peltier  effect  at  the  hot  side  can  cause  heat 
absorption  while  the  effect  occurs  at  the  cold  side  can  lead  to  heat 
dissipation. 

Furthermore,  the  open  circuit  voltages  for  the  three  groups  of  TE 
modules  (left,  right  and  back)  at  the  start-up  stage  are  measured 
and  plotted  in  Fig.  8.  These  curves  show  that  it  takes  the  left 
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Table  1 

Experimental  results  before  and  after  structural  improvement. 
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Maximum  power 

Power  output  through 

Temperature  of  the  left/right 

output  (W) 

MPPT  conditioning  (W) 

thermal  plate  (°C) 

Before  structural  improvement 

6.5 

^5.0 

^155/100 

After  structural  improvement 

8.3 

^7.0 

^155/150 

modules  11  min  to  reach  5  V  but  the  right  modules  about  15  min. 
For  the  back  modules,  of  which  open  circuit  voltage  do  not  change 
significantly  at  the  first  8  min,  it  takes  almost  21  min  to  cross  the 
5  V  line.  These  curves  illustrate  the  speed  of  combustion  propaga¬ 
tion.  There  is  a  relatively  long  distance  between  the  nozzle  and  the 
back-side  catalytic  media,  which  leads  to  the  response  delay  of  the 
back  modules.  Perhaps  we  should  shorten  this  distance  to  acceler¬ 
ate  the  combustion  propagation.  It  is  another  different  characteris¬ 
tic  from  conventional  combustion  heat  utilization  of  flameless 
catalytic  combustion.  In  further  work,  we  will  optimize  the 
arrangement  of  the  porous  metal  plate  (catalytic  reaction  layer) 
in  order  to  achieve  the  maximum  overall  system  efficiency.  Actu¬ 
ally,  exploring  how  to  effectively  improve  the  system  efficiency 
and  enhance  the  system  performance  is  and  will  be  the  focus  of 
our  work. 

Based  on  the  above  analysis,  an  experiment  by  uniformly  filling 
the  thermal  insulation  material  is  carried  out.  The  quality  homoge¬ 
neous  asbestos  is  carefully  filled  to  surround  the  flameless  catalytic 
combustion  chamber.  In  addition,  in  order  to  reduce  heat  loss, 
some  asbestos  is  adopted  to  seal  the  edges  of  the  device.  The  inter¬ 
nal  structure  (without  roof)  of  the  TEG  is  shown  in  Fig.  9.  The 
experimental  results  before  and  after  structural  improvement  are 
both  listed  in  Table  1. 

The  maximum  power  output  can  reach  up  to  8.3  W  and  the 
temperature  of  the  right  thermal  plate  is  only  about  5  °C  lower 
than  the  left  one.  The  results  show  that  the  system  performance 
is  improved  by  uniformly  filling  the  homogeneous  thermal  insula¬ 
tion  material  (asbestos).  The  uniformity  of  combustion  heat  trans¬ 
fer  process  does  affect  the  TEG  performance. 

4.  Conclusion 

A  flameless  catalytic  combustion-based  TEG  has  been  exam¬ 
ined.  The  open  circuit  voltage  of  the  TEG  is  about  7.3  V.  The  max¬ 
imum  power  output  can  reach  up  to  6.5  W  when  the  load 
resistance  matches  the  TEG  internal  resistance. 

It  is  an  efficient  method  using  maximum  power  point  tracking 
(MPPT)  technique  to  improve  the  characteristic  that  the  system 
output  is  sensitive  to  load  variation  and  results  in  an  open  circuit 
voltage  of  13.8  V.  The  improved  characteristic  makes  the  TEG  sys¬ 
tem  a  good  charger  to  keep  the  lead  acid  battery  fully  charged  so  as 
to  meet  the  needs  of  electronic  instruments  on  gas  pipelines. 

In  addition,  the  combustion  features  have  been  investigated. 
Test  results  show  that  the  uniformity  of  combustion  heat  transfer 
process  and  the  combustion  chamber  structure  play  important 
roles  in  improving  system  power  output.  It  can  get  an  optimized 
TEG  system  (maximum  power  output:  8.3  W)  by  uniformly  filling 
a  thermal  insulation  material  (asbestos)  to  avoid  a  non-uniform 
combustion  heat  transfer  process. 
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